We investigate the aggregation, diffusion, and resulting electrochemical behavior of ionic liquids inside carbon electrodes with complex pore architectures and surface chemistries. Carbide-derived carbons (CDCs) with bimodal porosities and defunctionalized or oxidized electrode surfaces served as model electrode materials. Our goal was to obtain a fundamental understanding of room-temperature ionic liquid ion orientation, mobility, and electrosorption behavior. Neat 1-octyl-3-methylimidazolium bis(-trifluoromethylsulfonyl)imide confined in CDCs was studied using an integrated experimental and modeling approach, consisting of quasielastic neutron scattering, small-angle neutron scattering, X-ray pair distribution function analysis, and electrochemical measurements, which were combined with molecular dynamics simulations. Our analysis shows that surface oxygen groups increase the diffusion of confined electrolytes. Consequently, the ions become more than twice as mobile in oxygen-rich pores. Although greater self-diffusion of ions translates into higher electrochemical mobilities in oxidized pores, bulk-like behavior of ions dominates in the larger mesopores and increases the overall capacitance in defunctionalized pores. Experimental results highlight strong confinement and surface effects of carbon electrodes on electrolyte behavior, and molecular dynamics simulations yield insight into diffusion and capacitance differences in specific pore regions. We demonstrate the significance of surface defects on electrosorption dynamics of complex electrolytes in hierarchical pore architectures of supercapacitor electrodes.
Introduction
Supercapacitors combine high energy and power densities and find use in a broad range of electrical energy storage applications [1] . The fundamental charge/discharge process relies on the electrosorption of ions (from an electrolyte) onto electrode surfaces under applied electric potential [2, 3] . Although classical double layer theory has effectively described this process for most electrode-electrolyte systems [4] , numerous recent discoveries show significant deviations in some systems. In particular, researchers have begun to investigate the effects of confinement in narrow pores [5] , ion solvation shell strength [6] , screening capabilities of co-ions and counterions [7] , diffusion limitations, quantum capacitance contributions [8, 9] , etc. Most fundamental modeling and experimental studies have focused on the size ratio of electrode pores to respective electrolyte ions. Since matching ion/pore diameters have yielded optimal charge packing in confinement and highest charge storage densities in supercapacitors (over 200 F g À1 ) [10] , ongoing efforts must tailor electrolytes to appropriate porous electrodes for maximum capacitance, rate handling abilities, and operating voltage windows [11] . To date, most computational analyses of electrosorption have relied on coarse-grained approximations of ions and tailored the simulated porosities of corresponding electrodes to match the electrolyte dimensions. This approach fails to take into account the complex dimensions and chemical properties of ions. In particular, neat (solvent-free) room-temperature ionic liquids (RTILs), which expand the stability windows of supercapacitors [12, 13] , include large functional group chains and adopt non-spherical configurations in confined states [14] . The sizes of anions and cations are often mismatched, and carbon electrodes with a single, welldefined pore diameter may not be optimal for co-ion and counterion electrosorption. Furthermore, the chemical behavior of ions is neither metallic nor uniform: imidazolium-based ionic liquids, such as [EMIm þ ][TFSI À ], may feature hydrophobic cations and hydrophilic anions (with strong dipole moments). Therefore, tailoring electrolyte ions to electrode pores may require non-trivial approaches, including complex pore architectures with multiple pore dimensions. Such an approach might facilitate ion partitioning and higher packing densities.
Such an approach will need to investigate the electrosorption of asymmetric ions with different dimensions into hierarchical porous architectures. Few studies have analyzed the state and correlations of ions in confinement, factored in the effects of electrode-electrolyte interactions, or attempted to reconcile experimental characterization with computational modeling. Scattering measurements based on neutron or synchrotron X-rays can provide length-and time-scale information with high levels of atomic resolution and molecular motions. A comprehensive analysis, which is complemented by computational modeling approaches, can provide insight into ion orientation, densification, and dynamics in confinement. Prior studies of RTIL confined in small pores have described substantial densification of ions confined in narrow pores [15, 16] . The electrosorbed layers of co-ions and counterions, orientations of molecules, and both localized (1e2 ion layer length scales) and overall pore filling densities strongly depend on the interactions of specific ions with electrode surfaces. Furthermore, the attractive or repulsive interaction energies between ions and pores control the equilibrium electrosorption densities of ions on surfaces, which, in turn, influence electrochemically driven charge saturation and pore filling/de-filling behaviors [17] . To date, simulations and experiments have only partially explored the effects of pore size on overall electrode ionophilicity/ionophobicity [18] , and other important variables, such as the structure and surface chemistries of electrodes, which may significantly influence electrostatic interactions and resulting energy storage performance, are also poorly understood.
Carbide-derived carbons (CDCs), which are synthesized via Cl 2 etching of metal carbides at 300e1200 C, allow precise tuning of subnanometer pore size distributions, making them model systems for fundamental electrosorption experiments [19] . Furthermore, CDCs exhibit robust surface chemistries and disordered carbon structures. Synthesis conditions influence both properties [20] . Most reported supercapacitor studies rely on CDCs synthesized from silicon carbides or titanium carbides, since these precursors offer high specific surface areas (over 1500 m 2 g À1 ) [21] and monodisperse pore diameters (d average ¼ 0.6e0.8 nm) that match desolvated ions of highperformance organic electrolytes [22] . However, ionic liquid molecules are typically non-spherical and larger in size [23] , so these very small pore sizes may not be adequate for unrestricted mobility, selfcorrelation, and diffusion. While high Cl 2 treatment temperatures yield larger pores in most CDCs, they also increase pore size polydispersity and, therefore, impede precise control over ion packing and ion partitioning. Previously, we have demonstrated the important impacts of defects and heterogeneity of electrode-electrolyte interfaces on capacitance [24] , ion dynamics [25] , and electrochemical stability [26] , on simple electrode and electrolyte systems. Most reported CDC model systems used subnanometer pores with uniform (singular) dimensions and narrow diameter distributions [2] . Furthermore, sizes of electrosorbed ions closely matched those of pore diameters, and the simple molecular structures of cations and anions allowed for straightforward dimensional approximations. In contrast, carbonaceous electrodes exhibit broad pore size distributions [16,20,27e29] , and ionic liquids may incorporate long side chains that induce steric limitations and preclude coarse-grain approximations [30e32]. Steric host-guest interactions play important roles in a variety of electrical charge storage systems, i.e., supercapacitors (electrosorption only), pseudocapacitors (rapid surface reactions), and Faradaic, intercalation chemistry batteries [33] . Therefore, subsequent research efforts must address these real-life parameters and determine the influence of surface heterogeneity on electrochemical behavior of complex, large ions in hierarchical porous carbon networks.
In this work, we integrate multiple experimental techniques with computational simulations to assess behaviors of large ions inside bimodal pore architectures, and evaluate the role of pore surface chemistries. CDCs with bimodal porosities were derived from molybdenum carbide (Mo 2 C-CDC), which, due to the large dimensions of the molybdenum metal, yields larger (yet wellcontrolled) pores [34, 35] . We rely on vacuum annealing and air oxidation to, respectively, remove surface defects [36] or introduce common chemical functionalities onto the pore surfaces. We tailored the bimodal porous model system to an ionic liquid with asymmetrically sized charges: while the [TFSI À ] anion could fit into both micropores and mesopores, the larger imidazolium-based cation exhibited more restricted translational and rotational motion. Quasielastic neutron scattering (QENS) and small angle neutron scattering (SANS) characterization approaches were used to measure the densification and mobility (self-diffusion) of the confined RTIL molecules. X-ray total scattering/pair distribution function (TS/PDF) measurements determined ion-ion correlations for both bulk and confined states. We developed a novel molecular dynamics (MD) model of the system and analyzed the behavior and charge accumulation of ions in the differently functionalized slit pores. Electrochemical testing revealed how ion-ion correlations and agglomerates in pores with divergent chemistries translated to capacitance and electrosorption dynamics.
Experimental

Electrode material synthesis
Y-Carbon, Inc. (Bristol, PA, USA) supplied the initial CDC, which had been synthesized from molybdenum carbide (Mo 2 C) precursor according to an established procedure [34, 35] . Cl 2 gas was used to etch the Mo 2 C particles (~1.0 mm diameter) at 800 C for 5 h, followed by NH 3 gas annealing at 600 C for 2 h [37] . The Mo 2 C-CDC powder was then loaded into a graphite furnace (Solar Atmospheres, USA) and annealed under a high vacuum (2 Â 10 À6 torr)
via the following stepwise thermal treatment: 1) outgas at 25 C for 24 h; 2) ramp-up to 120 C at 2 C min À1 rate; 3) hold at 120 C for 1 h; 4) ramp-up to 400 C at 5 C min À1 rate; 5) hold at 400 C for 2 h; 6) ramp-up to 700 C at 8.5 C min À1 rate; 7) hold at 700 C for 2 h; 8) ramp up to 1300 C at 10 C min À1 rate; 9) hold at 1300 C for 14 h; 10) cool down to room temperature. This material is referred to as "defunctionalized Mo 2 C-CDC" [26] . 50% of that powder was loaded into a quartz tube furnace, heated under Ar to 300 C, and treated with flowing dry air for 5 h at that temperature. It is referred to as "oxidized Mo 2 C-CDC."
Materials characterization
A Quadrasorb gas sorption analyzer (Quantachrome Instruments, USA) was used to measure specific surface area (SSA) and porosity through N 2 gas adsorption at isothermal 77 K conditions, with liquid nitrogen as the bath coolant. Brunauer-EmmettTeller (BET) SSA was calculated from the 0.05e0.30 P/P 0 adsorption range [38] . Quenched solid Density Functional Theory (QSDFT) used the adsorption branch [39] to model the pore size distribution and derive surface area and pore volume [40] .
A Thermo Fisher Scientific K-Alpha XPS with monochromatic Al K-alpha x-rays was used to analyze surface chemistry and functional group content of defunctionalized and oxidized Mo 2 C-CDCs. The instrument used a monochromated, micro-focusing, Al K a Xray source (1486.6 eV) with a variable spot size (30e400 mm). Analyses derived average surface compositions with a 400 mm Xray spot size for maximum resolution and greatest areal coverage. Data was collected and processed using the Thermo Scientific Avantage XPS software package (v 4.61). Spectra were charge corrected using the C1s core level peak set to 284.8 eV.
Quasi-elastic neutron scattering
To prepare samples for neutron scattering measurements, the Mo 2 C-CDCs pores were filled with 1-octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
. Vacuum infiltration introduced the ions to each material to occupy 100% of its gas sorption-measured pore volume. Details of this procedure, as well as the RTIL synthesis method, are described in the Supplementary Content (SI) section. The molecular structure of the RTIL and the predicted dimensions of the ions are shown in Fig. S1 in SI.
The backscattering spectrometer (BASIS) at the Spallation Neutron Source of Oak Ridge National Laboratory (Oak Ridge, TN, USA) was used to study the dynamics of [
] confined in both defunctionalized and oxidized Mo 2 C-CDCs [41] . The Si (111) analyzer crystals, which featured a Bragg reflection at 88 , selected the final neutron wavelength l 0 ¼ 6.267 Å and provided an averaged energy resolution of 3.5 meV. Data were taken in the À100 to þ100 meV energy transfer range. The corresponding momentum transfer (Q) spanned from a 0.30 Å À1 minimum to 1.9 Å À1 maximum. Spectra were collected at 300 K and at 10 K (for resolution) for each sample. The temperatures were controlled using a standard top loading Closed Cycle Refrigerator (CCR). Since hydrogen has the largest incoherent neutron scattering crosssection among the elements that had been present in the materials of this study, and only [OMIm þ ] includes this element, measured dynamics were dominated by the RTIL cations. The dynamic structure factor, S (Q,E), was obtained after vanadium normalization of the QENS data, and used for diffusion coefficient calculations. Data were reduced using Mantid software [42] and analyzed using DAVE [43] software. The measured curves of scattering intensity, IðQ ; EÞ were approximated by:
IðQ ; EÞ ¼ ½X 1 ðQ ÞdðEÞ þ ð1 À X 1 ðQ ÞÞSðQ ; EÞ þ BðQ ; EÞ5RðQ ; EÞ;
(1) where X 1 (Q) is the elastic scattering of immobile species, and dðEÞ is a Dirac delta function that accounts for the elastic scattering at zero energy transfer. B (Q,E) and R (Q,E), respectively, account for the background and instrument resolution.
Small angle neutron scattering
SANS data were collected using the EQ-SANS instrument at Oak Ridge National Laboratory (ORNL) [44] . Data were collected at sample-to-detector distances of 1.3 m using a minimum wavelength setting of 2 Å and 4.0 m using a minimum wavelength setting of 10 Å. In both cases the choppers of the instrument ran at 60 Hz. These two settings combined covered an effective Q range of 0.0035
, where Q is related to the scattering angle (2q) and neutron wavelength (l) by Q ¼ (4p sin(q))/l. The SANS measurements were performed at 300 K and 353 K. Data were reduced to correct for sample transmission, background, and scattering from the empty cell using the standard procedures implemented in the Mantid software package [42] . The reduced data were then azimuthally averaged to produce a 1D profile I(Q) vs Q.
2.5. X-ray total scattering and pair distribution function analysis X-ray TS/PDF measurements were completed at the 11-1D-B beamline of the Advanced Photon Source (Argonne National Laboratory). Pure CDC (defunctionalized and oxidized) powders, bulk
] liquid, and RTIL confined in each CDC (prepared the same way as for the neutron scattering experiments) were loaded into polyimide capillaries. Scattering measurements were performed in transmission mode at ambient conditions using an incident photon energy of 58.65 keV (l ¼ 0.2114 Å) and a Perkin Elmer amorphous silicon image plate detector [45] with 15 min total collection time per sample. Parasitic scattering from the empty polyimide container (duplicating the assembly without a sample) and a Ni powder standard (99.99%, Sigma Aldrich) were measured using the same setup. The program Fit2D was used to calibrate the sample to detector distance and detector alignment using a CeO 2 powder standard [46] . Raw scattering data was integrated into Q-space spectra, and the process applied a mask and polarization correction during integration. The normalized total scattering structural factor, S(Q), was produced in PDFgetX2 by subtracting polyimide container scattering, analyzing the appropriate sample composition [47] , and applying standard corrections for the area detector setup [48] . These S(Q) patterns are given in The relationship between S(Q) and G(r) is expressed as:
Molecular dynamics
We performed MD simulations in the canonical constant molecule number (N), constant volume (V), and constant temperature (T), or NVT, ensemble using GROMACS [49] . As illustrated in Fig. S2 in SI, the simulation box consists of two slit pores immersed in the ionic liquids. The slit pore has a length of 12 nm in the axial direction. Each pore is separated by 7 nm from the neighboring pore, which simulated a reservoir between the electrodes of sufficient size that allowed unconfined electrolyte ions to reach bulk behavior in the middle of the reservoir. Oxidized CDCs were modeled by adding eOH groups to the surface layers of slit pores. During the simulations, the carbon atoms of the electrode were fixed, while functional groups were allowed to rotate and bend. Net charges were uniformly distributed over the electrode surface atoms, generating different potentials between cathode and anode, where negative and positive, respectively, charges were applied to maintain charge neutrality of the system. The electrochemical potentials (V) of the slit surfaces were computed by previously described customized code [50] . A series of surface charges were applied to cover the potential range from 0 V to over 4 V, which is the typical operational voltage window for ILs. A cutoff of 1.1 nm were used for both van der Waals interactions and electrostatic interactions in real space, and long-range electrostatic interactions were calculated by the PME method with a grid spacing of 0.1 nm and a fourth-order interpolation [51] . Each simulation with charged surfaces was initialized at 800 K for 2 ns and was subsequently annealed to 300 K over 8 ns. After another 10 ns of equilibration at 300 K, a final 20 ns production run was carried out. These simulations were repeated 3 times with different initial configurations to reduce statistical errors. Our prior work includes additional details regarding the force fields and simulation setup [24] . Selfdiffusion coefficients of ions were calculated using the Einstein equation. Specifically, for ions confined in slit pores, only the meansquare displacement (MSD) in the directions parallel to the surface were calculated. For these simulations to calculate ion diffusivities confined in slit pores, the production runs were extended to 360 ns. We fit MSD curve to a linear curve to obtain the diffusion coefficients according to the Einstein formula:
Electrochemical characterization
Using a previously described procedure [52, 53] , carbon powders were compressed into thin electrode films. A 60 wt. % dispersion of PTFE in H 2 O (Sigma-Aldrich) was mixed with excess ethanol and Mo 2 C-CDCs to create 95 wt. % carbon/5 wt. % binder slurries, which were, subsequently, ground in agate mortar and pestle for uniform consistency. A mechanical rolling mill was used to produce 120 mm thick freestanding electrode films (2.8 mg cm À2 mass loading).
Electrodes were punched into 12 mm diameter disks and assembled into sandwiches (pouch cells), with carbon-coated aluminum current collectors (Exopak) and 2 layers of 3501 Celgard ® separator between each electrode. The cells used threeelectrodes in classical configuration, i.e., a small working electrode (WE) and an oversized counter electrode (CE) composed of commercially available activated carbon.
used as the electrolyte for all experiments, and all electrochemical measurements were carried out at room temperature. A quasireference configuration (symmetrical electrodes, with the reference electrode measuring the potential difference and not setting it, was also used [54] . A chlorinated Ag/AgCl wire (directly submerged in the same neat [OMIm þ ][TFSI À ] electrolyte) was used as a reference electrode in each case. All tests were carried out inside of an Ar-filled glovebox with a VMP3 potentiostat (Bio-Logic, Inc., France). Electrochemical impedance spectroscopy (EIS) was measured in the 200 kHze10 mHz dampening oscillatory regime. EIS measurements used a 10 mV amplitude centered at 0.0 V. Cyclic voltammetry (CV) measurements were carried out at 0.5e1000 mV s À1 sweep rates in the 0.0 4 2.5 V window. SSA-normalized capacitance (C sp ) was calculated from the discharge segments using the following equation:
In the above equation, V 0 and V f denote, respectively, the vertex potentials; m WE is the mass of a single working electrode; SSA is the DFT-derived specific surface area of the defunctionalized or oxidized Mo 2 C-CDC; V w is the electrochemical potential window; and dV dt is the sweep rate [55] . Square wave chronoamperometry (CA), which was conducted using asymmetric cells, applied step voltage from 0.0 V to ±1.25 V, ±1.00 V, ±0.75 V, ±0.50 V, and ±0.25 V. Each CA measurement recorded charge accumulation for 60 min, until steady-state conditions were attained.
Results
Pore structure and surface chemistry
Mo 2 C-CDCs are comprised of porous carbon networks with high SSAs and complex architectures. As shown in Fig. 1a , N 2 sorption measurements exhibited Type IV isotherm behavior, and demonstrated well-defined hysteresis in the desorption branch. This behavior was expected for CDCs synthesized from Mo 2 C precursors, and agreed with previously reported results [34, 35] . The hysteresis shape suggests bottleneck-shaped pores [56] . The pore size distribution plots (Fig. 1b) shows presence of pores with two predominant sizes: micropores (with a pore diameter ¼ 0.79 nm) and mesopores (with a 2.60 nm predominant pore diameter). The larger pores more significantly contributed to the total porosities: they constituted 78% of the total pore volume of defunctionalized Mo 2 CCDCs and 80% of the total pore volume of oxidized Mo 2 C-CDCs. As summarized in Table 1 ). The SANS data for the defunctionalized, RTIL-free ("empty") Mo 2 C-CDCs were analyzed with the polydisperse hard sphere (PDSP) model implemented in the PRINSAS software [57] . Although the SANS data indicates significant microporosity and/or surface roughness, contributions from such excessively large features are outside of the resolution range of the SANS instrument (Fig. 1c) . The analysis revealed a significant fraction of mesopores with a welldefined 2.6 nm mean pore diameter and a narrow pore size distribution (Fig. 1d) . The pore size histogram shows no presence of larger mesopores. The PDSP model, which also correlates internal surface area with pore dimensions, shows that micropores accounted for up to~90% of the total internal surface area, while the mesopores contributed 10% of internal SSA.
While the overall porosity and bimodal nature of the pore distribution closely matched the N 2 adsorptive behavior and DFT modeling results, the results from these techniques differed in their assessment of relative prevalence of micropores and mesopores. As previous analyses have shown, small-angle scattering techniques detected and accounts for all pores, including closed pores and internal pockets, whereas gas sorption could only interrogate accessible, open-ended pores [58] . Furthermore, while the PDSP model for SANS assumes spherical pore shapes, the QSDFT models rely on slit pore shape assumptions to achieve best model fits [39] . These key differences, combined with the inherent measurement uncertainties of both techniques, along with principal difficulties in distinguishing surface roughness from micropores, limit our interpretation and explain the obtained micropore to mesopore ratio differences between the two techniques.
The air oxidation treatment was specifically tuned to retain this well-ordered bimodality and, indeed, did not substantially restructure the material. Oxidation increased the SSA of Mo 2 C-CDCs by 16%, which translated to negligible activation and an unchanged pore size distribution. However, this treatment changed the surface chemistry of the materials by doubling the number of oxygencontaining species. XPS elemental analysis of the surface (summarized in Table S1 in SI) revealed that, after 300 C air treatment, oxygen content increased from 1.1 at.% to 2.2 at.%. Functional group deconvolution (shown in Fig. S3 in SI) reveals that most added surface species were in forms of C]O and OeC]O groups. Since the materials were, initially, annealed under high vacuum at 1300 C, they were highly graphitized [36] . Subsequently, XPS analysis showed substantial p-p bonding (indicative of sp 2 hybridization and high structural order in the carbon material) for both defunctionalized and oxidized Mo 2 C-CDC. Surface functionalization did not alter the graphitization of the porous carbons, a finding that is also supported by X-ray TS/PDF data (discussed below). ] confined in defunctionalized and oxidized Mo 2 C-CDCs are shown in Fig. S5 (SI) . The obtained values for E 0 (Q) (Eq. (5)) were then used to calculate selfdiffusion coefficients (D t ) and jump lengths, L, for jump diffusion processes (Eq. (6)), (Eq. (7)):
The width parameter E 0 (Q) increased with Q at low Q values, and flattened at higher Q values, which indicates translational jump diffusion behavior. The obtained diffusion coefficients and jump diffusion lengths are summarized in Table 2 .
The QENS spectra and Q-resolved width parameters for both defunctionalized and oxidized Mo 2 C-CDC are shown in Fig. 2 . The diffusion coefficient, obtained from the low-Q slopes of the plots in ] in oxidized pores was 2.6 times larger as compared to defunctionalized pores. This finding agrees with our previous results, which had demonstrated improvement of similar imidazolium-based RTILs mobility in functionalized pores [25] . Since the bimodal CDCs possess sufficiently large pores that exceed the dimensions of the both cations and anions, they allow translational and rotational, as well as longer-range random walk, motions. Although ions are expected to move in pairs, it is unclear whether the large cations (with a long hydrophobic tail) or the smaller anions are the main drivers of mobility.
The increased mobility of RTIL ions in oxidized Mo 2 C-CDC surface, which contains more hydrophilic eOeC]Oe and C]O groups, may be attributed to more complete "wetting" of the pore surfaces by the ionic liquid molecules. Oxidized surfaces exhibit attractive intermolecular interactions with the polar groups of the [TFSI À ] anion and draw more ions closer to the pore surfaces.
Consequently, oxidized pores contain fewer ions in centers of pores (i.e. not directly bound to pore surfaces) than defunctionalized pores. This arrangement leaves more room for ions to move around each other and makes them more mobile. A similar concept had described the fast diffusion of ionic liquids confined in mesoporous carbon [60] . The fraction of elastic scattering (shown in Fig. S5 in SI) , which assessed the fraction of zero energy transfer events during neutronmolecule collisions, consistently showed 6e14% higher elasticity for ions confined in oxidized pores than for [OMIm
defunctionalized CDCs. Since each system included approximately the same number of hydrogens, this could have only stemmed from different intermolecular interaction strengths between the RTIL and pore surfaces. In the case of oxidized surfaces, more molecules strongly attached to pore walls. Subsequently, they followed the CDC backbone's dynamics, which was devoid of diffusion-like mobility, leading to more elastic neutron scattering from cations in the sample. When surfaces were devoid of functional groups, more loosely bound ions more readily engaged in diffusion-like dynamics, yielding a broader QENS signal. Therefore, oxidized pore surfaces were associated with a greater number of surfacebound cations, but higher mobilities of those cations that had not been tightly bound to the surface. Small-angle neutron scattering (SANS) data were collected from the IL-filled defunctionalized and oxidized pores at 300 K as well as from an unfilled, defunctionalized CDC sample to show the impact of the IL on the signal as presented in Fig. 3 . Fig. 3a shows data as obtained, whereas Fig. 3b compares the scattering from net confined ionic liquid with that of the "empty" defunctionalized CDC carbon structure. Although the surface chemistry had little effect on the SANS data from the [OMIm
, where scattering profiles overlapped with each other, both samples strongly contrasted against the unfilled CDC. All of the measured samples had a kink at low Q (Q y 0. ] confined in the oxidized CDCs when compared to those from the defunctionalized pores. Once the ionic liquid started to fill the pores, the scattering contrast (scattering length density (SLD) difference between the CDCs and the ionic liquid), which is directly related to the scattering intensity, decreased. The higher amount of the ionic liquid inside the CDCs pores resulted in a lower scattering contrast, and, therefore, demonstrated lower scattering intensities. The SLD of Mo 2 C-CDC was calculated tõ 6.66 Â 10 À10 Å À2 (assuming~2 g cm À3 density) and that of the ionic liquid (density ¼ 1.32 g cm À3 ) is 1.46 Â 10 À10 Å À2 [13] . The presence of a greater amount of hydrogen-bearing species in the oxidized pores was supported by the higher intensities observed for Q > 0.2 Å
À1
, which was dominated by the incoherent background scattering from the hydrogen in the samples.
The SANS curves of [OMIm
]-filled CDC (Fig. 3b) showed a characteristic shoulder near Q ¼ 0.07 Å
, which indicates the presence of scattering structures of net confined RTIL at that length scale. Assuming spherical shape of these scattering objects, their size may be estimated by the following approximation: R z 3/Q. It yielded a dimension of~9 nm for the scattering features. The presence of these aggregates indicated that, while the experimental procedure (and subsequent gas sorption and QENS measurements) expected 100% filling of pore volumes, the [OMIm þ ]TFSI À ] did not uniformly occupy the entire available void space in the pores. Subsequently, a more accurate representation of RTIL-filled pores accounts both empty spaces (with no ions) and agglomerates (which exhibit greater densities than the ionic liquid's bulk 1.32 g cm À3 value). These features were absent in empty Mo 2 C-CDC pores, because their incoherent background scattering levels (by H atoms) were very different, and the low-Q data changed considerably. This analysis reinforces our earlier studies, which had demonstrated significant pore densification of RTIL in carbon micropores [15] . Based on the porosimetry analysis of the RTIL-filled CDCs, these aggregates possibly formed in the pore spaces near the grain surfaces and effectively blocked N 2 access into the partially unfilled internal pore domains. We speculate that, in an effort to minimize interfacial energy and these clusters formed patches of RTIL tightly attached to pore surfaces and maximized their agglomerated densities in the process. The data fitting, performed over a Q-range of 0.01 Å À1 to 0.5 Å
, employed a sum of a power law model and the Debye-AndersonBrumberger (DAB) model [62] , which was previously employed for modeling SANS data from nanoporous CDC [63] , and is shown in Eqn. (8) .
The factor A is the scale factor for the power law model, while a is the power law exponent. This model is well-suited to fitting data from fractal, highly polydisperse and aggregate structures. The second term is the DAB model. Here, x described the characteristic length scale between the two interpenetrating phases, and B was the DAB scaling constant. The constant C accounted for the incoherent background scattering of the sample. The results of the fitting performed using this model are presented in Table 3 . explanation for similar observations in several related systems of ionic liquids confined in CDC pores with different surface chemistries [24, 25] .
X-ray pair distribution function analysis of empty and RTILFilled CDCs
We relied on X-Ray pair distribution function (PDF) data to contrast changes in ion-ion correlations between bulk and confined states of RTIL in CDCs. The most informative approach is done through the examination of the net difference PDFs DG(r), which subtracted empty CDC scattering from each IL-filled CDC configuration: DG(r) ¼ G(r) IL-filled-CDC e G(r) empty-CDC (Fig. 4) .
Direct X-ray PDF analysis (plotted as r*G(r) vs. r) showed nearlyidentical structures for both empty CDCs and no influence of surface chemistry on the degree of graphitization (Fig. 4a and b) . The total PDF was dominated by the structural correlations of nanoporous carbon, which matched previously described diverse local CeC ordering [45, 64, 65] . Since surface functional groups (e.g., C]O bonds) constituted a relatively low fraction of total material (based on XPS characterization), low elemental sensitivities of X-ray scattering technique did not allow any discernible signals from these moieties. In comparison, the total PDFs of each RTIL-filled CDC exhibited extra intensities that augmented signals from their corresponding empty carbon counterparts ( Fig. 4c and d) The DG(r) analyses highlight ion-ion correlation differences between states of bulk (unconfined liquid) and confined (pore-filled)
. While pore surface chemistry did not alter the structure of the confined RTIL (within analysis errors), the confinement process significantly altered the properties of the ionic liquid. The broad and intense 'bump,' which had been featured at~15e24 Å in all confined RTIL PDF samples, was absent in bulk RTIL PDF. 
Molecular dynamics simulation
In order to further identify the origin of the variations seen in the difference PDFs, a classical molecular dynamics (MD) model was developed using a simplified 2.6 nm slit pore morphology (approach described in section 2.5). We benchmarked bulk IL experimental PDF with simulated PDF from MD model (Fig. 5a ) to compare experimental and simulated PDFs of ions confined in pores with defunctionalized and oxidized surfaces. Structural properties of force-field generated bulk IL demonstrated good qualitative agreement with the experimental observations and correctly described the shape/oscillations of the long-r range features (Fig. 5a bulk RIL curve) . For confined ions, the simulated PDFs also accurately exhibited the 'bump' features at~15e24 Å (Fig. 5a ), albeit narrower in width than their experimental counterparts. This was likely due to the simpler single-size slit geometry used in the MD calculation. Further investigations of surface chemistry effects were made possible via partial PDF analysis (Fig. 5b) . This approach split the total PDF into a sum of three partials: ] correlations toward the high-r region.
An interesting takeaway from the MD-generated PDFs was the fact that, in agreement with experimental results, surface chemistry did not alter cumulative ion behavior. However, this description of ion-ion correlations is independent from their spatial orientations inside of pores. Since PDF's diffraction method measures ensemble average of all intermolecular ion-ion correlations, it can neither separate partial correlations from the experimental data nor distinguish between ion-ion and ion-surface interactions. Given the complexity of this system, PDF helped us benchmark against molecular dynamics simulations. This was vital for our efforts to extract predictive information about the ion orientation, ion-surface interactions, and dynamics of ions in confinement. Fig. 6a shows the number density distribution inside of 2.6 nm diameter slit pores at the point of zero charge (PZC). Base on peak locations, we divided the plots into 2 regions. Region 1 accounted for the condition of strong ion adsorption, which significantly increased the number density over the bulk density. In this region, as compared to defunctionalized pores, oxidized pores showed more affinity to [ were lower and more dispersed). While ions assumed a similar layered structure in region 2, the number density was only slightly higher than the bulk density. Subsequently, oxidized pores demonstrated less prominent ion peaks than defunctionalized pores in this region. The accumulated ion number density is shown in Table 4 . The MD results closely corresponds with the SANS results described above: even though the oxidized pores attracted more ions, especially the [TFSI À ] to the surface, it contains fewer ions in the middle of the pore, and the overall number of ions inside is lower than in the pristine pore.
As shown in Fig. 6b and c (angles formed by the vector connecting 2 C atoms and the normal vector of the slit surface), these regions influenced ion orientations. In region 1, due to pÀp interactions, the imidazolium ring in cations more favorably arranged parallel to the electrode surfaces, which accounted for the location of first [OMIm þ ] peak nearest the electrode surface (Fig. 6b) . The significant angle distribution of [TFSI À ] around 90 also suggested anions oriented themselves along electrode surfaces in region 1 (Fig. 6c) . Oxidized surfaces intensified both effects. While region 2 featured more random ion configurations, oxidized surfaces induced more perpendicular [OMIm þ ] orientations in pore centers. The diffusion coefficients of ions in different regions were calculated and are shown in Fig. 7a . Confinement of ions in slit pores noticeably decreased the overall diffusion coefficients, and smaller distances between ions and surfaces further continued that trend. Electrode-ion interactions strongly attached surface ions to pore interfaces and prevented facile diffusion (Fig. S7 in SI) . Furthermore, high ion densities near the wall impeded ion mobility out of their respective shells. Oxidized surfaces made this effect more significant: diffusion coefficients in oxidized pores were nearly two orders of magnitude lower in region 1 than in defunctionalized pores and one order of magnitude lower in region 2. These results correlated with the QENS-derived observations that ions were more strongly attached to the oxidized surface, which yielded more elastic scattering.
In an effort to more thoroughly explain the QENS results, we adopted a similar strategy to define the observable mobility of ions in slit pore models. First, this approach calculated the mean-square displacement (MSD) of each ion. For a given Q, an ion was considered to be mobile if its MSD, within a certain time period, exceeded ðp=Q Þ 2 . Second, an average MSD of all mobile ions yielded the diffusion coefficients via a linear regression fit within the range of Q-values that had been accessible to QENS. Higher Q values captured more ion species (Fig. 7b) . As illustrated in Fig. 7c , at lower Q, oxidized pores yielded lower diffusion coefficients than those in defunctionalized pores. This trend reversed at high Q, where the ion diffusion coefficients in oxidized pores were actually higher. This result further confirms our previous explanation that, while oxidized surfaces strongly attract ions, this ionophilicity creates space for fast diffusion of ions in pore middles. We modeled specific capacitance (Fig. 7d ) using the following equation: The calculation used s as the surface charge density and Df as potential difference between anode and cathode. The simulation predicted lower capacitance in oxidized 2.6 nm diameter pores, which may be related to reduced ability of functionalized pores to both accommodate ions and efficiently reorganize them into dense configurations [66] . To contrast the behavior of ions in mesopores with that in micropores, we also attempted to simulate [OMIm þ ]
[TFSI À ] in 0.8 nm slit pores. However, the resulting diffusion coefficients were found to be negligible (Fig. S7c in SI) . Computational studies yielded a one order of magnitude slower diffusion of ions in nanoconfined environments than in the bulk [67] . These results agree with prior studies that showed similar poor diffusion of confined ions in electrodes with neutral or slight surface charge [68] . Furthermore, during the charging/discharging process, ions in nanoporous electrodes exhibited sloshing dynamics in slit channels [69] and an uneven distribution during rapid charging dynamics [70] . Therefore, the slow mobilities of ions in 0.8 nm slit pores preclude significant all-atom MD simulation analyses.
Electrochemical behavior of [OMIm
þ ][TFSI À ]
in bimodal CDCs
Electrochemical impedance measurements are shown in Fig. 8 . The Nyquist plot comparison (Fig. 8a) Although impedance was almost identically capacitive-dominated at 10 mHz (À81.9 for oxidized CDCs and À80.9 for defunctionalized CDCs), oxidized CDCs were more predominantly capacitive at mid-to-high frequencies (Fig. 8b) . The equilibrium time constant Fig. 8c ) was 27% lower for the RTIL in oxidized Mo 2 C-CDC pores, which suggested more rapid electrosorption processes for electrodes with oxygen-rich surfaces. These findings, which were driven by electrochemical processes, paralleled the derived self-diffusion behavior of QENS measurements (under ambient electrochemical conditions) and showed the significant influence of intrinsic electrode interfaces on ion electrosorption dynamics. Oxygen surface groups made the CDC surfaces more ionophilic and ensured more efficient [ ions positioned themselves as far away from surfaces as possible and minimized total charge densities in oxidized pores. However, some narrow channels (the subnanometer pore components) impeded ion mobilities in the defunctionalized CDCs.
Cyclic voltammograms at low sweep rates (Fig. 9b and c ) showed inflection points during charge/discharge processes around þ0.25 V. Figure inserts highlight this effect. Greater capacitance at lower potentials, followed by a dip at that voltage, and, subsequently, by an increase in capacitance at greater potentials signified possible charge saturation and surface chemistrydependent partial ion de-filling [17] . The charge accumulation and integral capacitance of oxidized CDCs was greater for this lowvoltage portion of the CV (calculations shown in Fig. S8b in SI) . Furthermore, a drop in capacitance at low potentials was more pronounced for the defunctionalized CDC and underscored its ionophobic pore-electrolyte interface. The effect became more "smeared" at higher charge/discharge rates (Fig. 9d) . The full summary of electrochemical performance and key parameters is shown in Table 5 . A three-electrode measurement with a quasireference Ag/AgCl electrode [54] , which is shown in Fig. S9 [71] . Therefore, any pore de-filling process involved both co-ions and counterions. Square wave static accumulation measurements (Fig. 10a ) further demonstrated differences in potential-dependent charge saturation of oxidized and defunctionalized CDCs. During instantaneous voltage jumps from 0.00 V to þ1.25 V and À1.25 V (Fig. 10b) , oxidized pores required less time to achieve charge saturation and demonstrated time vs. charge inflection points at 200 s, whereas defunctionalized pores steadily accumulated charge throughout the entire square wave process. After 3600 s of accumulation time at 1.25 V, defunctionalized Mo 2 C-CDCs 6.2 stored mC cm À2 , as opposed to 5.4 mC cm À2 for oxidized CDCs.
However, during smaller voltage jumps from 0.00 V to þ0.25 V and À1.25 V, charge accumulation in defunctionalized pores demonstrated an inflection point at~70 s (Fig. 10c ), and oxidized pores ended up storing a nearly identical amount of charge (0.02 mC cm À2 more) as the defunctionalized Mo 2 C-CDCs. This were sufficiently large and relatively easily accommodated anions, the large dimensions of the cations precluded total rotational and translational mobilities of these molecules in the narrow pores. Prior to electrochemical cycling, the small (0.8 nm diameter) pores were expected to contain low concentrations of both cations and anions; "electrowetting" of these pores likely occurred only during high voltages [72] . While ion electrosorption dynamics (which were higher in oxidized pores) more heavily influenced capacitance at low voltages, influence of total ion accumulation densities (which were higher in defunctionalized pores) became more dominant at higher potentials. The results resembled previously reported pore saturation and de-filling measurements [17] , as well as continuum modeling simulations of this electrosorption behavior [5, 18] . The results underscore the intricate effects of pore size and surface chemistry on capacitance and ion dynamics. On the one hand, in agreement with QENS-derived ion diffusion measurements, surface oxidation improved the mobilities of the IL. This finding agrees with previous results, which had shown higher ionic mobilities in functionalized CDC pores [25] . On the other hand, this advantage did not translate into greater overall C sp of oxidized pores. This takeaway, in turn, agrees with previous results that demonstrated higher capacitance on defunctionalized surfaces in non-porous electrodes (with no ion confinement) [24] . While oxygen groups improved the [TFSI À ]'s interface with pore surfaces, they repelled the alkyl chain on the [OMIm þ ] cations. In all likelihood, the net effect of this process reduced the number density of electrosorbed ions on accessible surfaces. Since the narrow pores did not provide sufficient degree of freedom for both translational and rotational diffusion of cations, ions inside the mesopores contributed most to the QENS signal [60, 73] . Subsequently, even in larger pores with more bulk-like ion dynamic behaviors, oxidized pore surfaces improved pore ionophilicities and influenced electrolyte dynamics. Since the mesopores accounted for 78e79% of the total porosity of each sample, they constituted a larger fraction of the total capacitance.
Conclusions
Surface functional groups significantly influenced the selforganization, mobility, and electrochemically-driven dynamics of ] by over 50%. However, due to the bimodal pore structure of Mo 2 C-CDCs, the partial contributions of ions from the totally confined (microporous) and partially confined/semi-bulk (mesoporous) regions yielded a net negative effect of oxidized surfaces on capacitance. Although oxygen groups attracted more ions closer to pore walls, vacated the centers of narrow channels, and improved IL mobilities, they reduced electrosorption charge accumulation densities by over 10%. MD simulations of charge accumulation identified similar behaviors.
Our efforts examined the effects of heterogeneity and disorder at electrode-electrolyte interfaces of complex systems that resemble emerging supercapacitors. Porous carbons with hierarchical porosities offer very high surface areas, and large ionic liquid molecules demonstrate exceptional electrochemical stability under high applied potentials. We showed the extent to which oxygen surface moieties affect interactions between ions and pores, notwithstanding the significant effects of micro-and mesopore-induced confinement of large, irregular molecules. We correlated the properties of confined electrolytes under neutral potentials with their electrosorption behavior and capacitance under dynamic potential conditions. We successfully applied pair distribution functional analysis to decouple ion-ion interactions from their enveloping carbon matrix, highlight differences between bulk and confined states, and develop computational models that correctly described both the correlation behavior and resulting charge storage densities. These techniques will be essential for future studies of energy storage materials and interfaces.
Intermolecular interactions between pores surfaces with different surface chemistries and electrolyte molecules significantly affected ion mobilities and capacitance. Although pore size has, to date, been predominantly used to evaluate and optimize ion confinement effects, we demonstrated the applicability of surface heterogeneity and disorder at the electrode-electrolyte interface for pore saturation and ion partitioning studies. Furthermore, we showed that specific parameters of electrochemical experiments, such as magnitudes of applied potentials and impedance studies, reveal different aspects of fundamental behavior of large electrolytes in confined pores. The behavior of these ions in very narrow confinement remains difficult to characterize using neutron scattering technique, model using computational approaches, or isolate from overall electrochemical data. The complex hierarchical pore structures resemble a transmission line model, and the heterogeneity and intermolecular interactions at the electrode-electrolyte interface add further intricacy to this system. Future experimental and computational techniques must investigate these systems in greater detail.
